Species richness varies considerably among the tree of life which can only be explained by het-1 erogeneous rates of diversification (speciation and extinction). Previous approaches use phylogenetic trees to 2 estimate branch-specific diversification rates. However, all previous approaches disregard diversification-rate 3 shifts on extinct lineages although 99% of species that ever existed are now extinct. Here we describe a 4 lineage-specific birth-death-shift process where lineages, both extant and extinct, may have heterogeneous 5 rates of diversification. To facilitate probability computation we discretize the base distribution on speci-6 ation and extinction rates into k rate categories. The fixed number of rate categories allows us to extend 7 the theory of state-dependent speciation and extinction models (e.g., BiSSE and MuSSE) to compute the 8 probability of an observed phylogeny given the set of speciation and extinction rates. To estimate branch-9 specific diversification rates, we develop two independent and theoretically equivalent approaches: numerical 10 integration with stochastic character mapping and data-augmentation with reversible-jump Markov chain 11 Monte Carlo sampling. We validate the implementation of the two approaches in RevBayes using simulated 12 data and an empirical example study of primates. In the empirical example, we show that estimates of the 13 number of diversification-rate shifts are, unsurprisingly, very sensitive to the choice of prior distribution. 14 Instead, branch-specific diversification rate estimates are less sensitive to the assumed prior distribution on 15 the number of diversification-rate shifts and consistently infer an increased rate of diversification for Old 16 World Monkeys. Additionally, we observe that as few as 10 diversification-rate categories are sufficient 17 to approximate a continuous base distribution on diversification rates. In conclusion, our implementation 18 of the lineage-specific birth-death-shift model in RevBayes provides biologists with a method to estimate 19 branch-specific diversification rates under a mathematically consistent model.
Figure 1: Approximation of the continuous base distributions for the diversification-rate parameters using discrete rate categories. Our approach for computing the probability of the data under the lineage-specific birth-deathshift model specifies k quantiles of the continuous base distributions for the speciation and extinction rates. We compute probabilities by marginalizing (averaging) over the k discrete rate categories, where the diversification rate for a given category is the median of the corresponding quantile (colored dots). This approach provides an efficient alternative to computing the continuous integral, and will provide a reliable approximation of the continuous integral when the number of categories k is sufficiently large to resemble the underlying continuous distribution.
no speciation, no rate shift (i) † † no rate shift, speciation, extinction of left branch (ii) no rate shift, speciation, extinction of right branch (iii) no speciation, rate shift (iv) Figure 2 : Possible scenarios that could occur over the interval ∆t along a lineage that is observed at time t.
To compute the probability under the lineage-specific birth-death-shift process, we traverse the tree from the tips to the root in small time steps, ∆t. For each step into the past, from time t to time (t + ∆t), we compute the change in probability of the observed lineage by enumerating all of the possible scenarios that could occur over the interval ∆t: (i) nothing happens, (ii) a speciation event occurs, where the right descendant survives and the left descendant goes extinct before the present, or (iii) a speciation event occurs, where the left descendant survives but the right goes extinct before the present, or (iv) a diversification-rate shift from category i to j occurs. Color key: segment(s) of the tree within the interval ∆t are colored blue for state i and/or orange for state j to reflect the conditioning of the corresponding scenarios, segment(s) of the tree between t and the present are colored gray because we have integrated over the k discrete rate categories (no specific assignment of rate categories), and segments of the tree between t+∆t and the root are colored gray because we will integrated over the k discrete rate categories.
the state of the diversification process is not observed. Thus, for each species at time t = 0, we initialize 150 D i (0) = 1 for each of the i ∈ (1, . . . , k) discrete diversification-rate categories. In fact, this is equivalent to 151 the case under the BiSSE model when the state of a given species is unknown (i.e., coded as '?'), in which 152 case we would initialize D 0 (0) = 1 and D 1 (0) = 1. Finally, we initialize the extinction probability for each 153 species as E i (0) = 0 for each of the i ∈ (1, . . . , k) discrete diversification-rate categories. Note that if we have 154 an incomplete (but random/uniform) sample of species, then we would initialize D i (0) = ρ and E i (0) = 1 − ρ 155 for each of the i ∈ (1, . . . , k), where ρ is the proportion of randomly sampled species (FitzJohn et al. 2009 ). 156 Next, we begin our traversal of the tree from each tip (where t = 0) to the root in tiny time steps, ∆t. For we can compute D i (t+∆t) by writing the set of k difference equations D 1 (t+∆t), D 2 (t+∆t), . . . , D k (t+∆t):
(1 − µ i ∆t)× In all cases, the lineage survives over the interval, and
(1 − λ i ∆t) × (1 − η∆t)D i (t) (i) nothing happens,
or (ii) no rate shift, speciation, left extinction,
or (iii) no rate shift, speciation, right extinction,
or (iv) no speciation, but shift to rate j.
Note that the first (unnumbered) term in Equation 1 represents the probability that the observed lineage 167 does not go extinct in the interval ∆t. The probability of no extinction in the interval ∆t is included because 168 if the lineage had gone extinct in this interval, then we could not have observed it. For each step into the past, from time t to time (t+∆t), we compute the change in the extinction probability, E i (t) (the probability that a lineage in state i at time t goes extinct before the present) by enumerating the scenarios that could occur in the interval ∆t: (i) the lineage goes extinct in the interval ∆t; in the remaining three scenarios, the lineage does not go extinct in the interval, and (ii) nothing happens (no extinction, speciation or diversification-rate shift in the interval ∆t), with subsequent extinction before the present, (iii) the lineage speciates in the interval ∆t, with subsequent extinction of both daughter lineages before the present, or (iv) the lineage experiences a diversification-rate shift from rate category i to j, with subsequent extinction before the present. Segments of the tree are colored as described in the key for Figure 2 .
a diversification-rate shift from category i to category j, and subsequently goes extinct before the present, which occurs with probability E j (t). As before, we can compute E i (t+∆t) by writing the set of k difference 180 equations E 1 (t+∆t), E 2 (t+∆t), . . . , E k (t+∆t):
The lineage goes extinct within the interval, + (1 − µ∆t)× or, no extinction within the interval and 1 − η∆t 1 − λ i ∆t E i (t) (ii) nothing happens, with subsequent extinction,
or, (iii) speciation and two subsequent extinctions,
or, (iv) shift to rate j, with subsequent extinction.
We now derive the ordinary differential equations from the corresponding difference Equations 1 and 2.
182
This requires some algebra (which includes dividing by the interval ∆t and omitting terms of order (∆t) 2 ) 183 and results in the coupled ordinary differential equations (ODEs):
These differential equations are solved for each branch of the phylogeny and compute the probability of an 185 observed lineage. As an aside, we note that we store the values of D i (t) and E i (t) computed at some interval, 186 ∆δ. We will use these stored values for the procedure that maps diversification-rate shifts over the tree (see 187 the description of the forwards algorithm, below).
188
Because we are moving backward in time, each branch will end at the speciation event by which it 189 originated. For a speciation event that occurs at time t while the process is in diversification-rate category 190 i, we initialize the probability density of the immediately ancestral lineage, A, by taking the product of 191 its two daughter species at time t (D L i (t) and D R i (t)) multiplied by the probability density of the observed 192 speciation event at time t, λ i :
The algorithm terminates when we reach the most ancient speciation event in the tree (i.e., at the root).
194
Upon reaching the root of the tree, we will have computed the vector of k probabilities, D i (T ), where 195 i ∈ {1, 2, . . . , k}. D i (T ) is the probability of observing the entire tree under the lineage-specific birth-death- 196 shift process given that the process was initiated in diversification-rate category i at the root. We then 197 multiply each of these k probabilities by their corresponding prior probabilities, π i . The prior probability 198 for rate category i specifies the probability that the diversification process started in category i at the root.
199
Recall that each of the k discrete diversification-rate categories has equal probability (i.e., they are quantiles of the corresponding base distributions). Therefore, we assume that all of the k diversification-rate categories 201 have equal prior probability, π i = 1/k (i.e., a discrete uniform prior distribution). The product of the root 202 probability for diversification-rate category i and the prior probability for diversification-rate category i gives 203 the probability of rate category i. Finally, the sum of these k probabilities gives the probability of the entire 204 tree under the lineage-specific birth-death-shift model
We will call this probability P (T ) of the 'observed' phylogeny the likelihood function under the numerical 206 integration approach because we perform parameter estimation in a Bayesian statistical framework.
207
Estimating Branch-Specific Speciation and Extinction Rates using Stochastic Character
208
Mapping (forward algorithm) 209 The backwards algorithm computes the probability of the observed tree under the lineage-specific birth-death-210 shift process. In doing so, however, the numerical marginalization 'integrates out' the focal parameters: the 211 branch-specific diversification rates. Therefore, we adopt an approach to estimate the branch-specific rates to compute the probability that the diversification process is in each of the k rate categories, F i (t−∆t). To 218 compute F i (t−∆t) we take the product of three probability components: the initial probabilities of the i rate 219 categories at the beginning of the interval, F i (t), the forward probabilities of the process over the interval 220 ∆t, and the conditional likelihoods of the process between (t−∆t) and the present, D(t−∆t).
221
Our algorithm starts at the root of the tree, where we initialize the diversification process by randomly 222 drawing one of the k rate categories proportional to their corresponding probabilities at the root, P i (T ).
223
Next, we initialize the forward probability F i (t) of the selected rate category with probability 1, and the 224 other (k −1) rate categories have zero probability (i.e., F i (T ) = 1 and F j∕ =i (T ) = 0). Then, we begin our 225 traversal in tiny time steps, ∆t, forward in time from time t to time (t−∆t). We calculate the probability 226 F i (t − ∆t) that the diversification process is in rate category i at time (t − ∆t) by enumerating all of the 227 scenarios that could occur within the interval ∆t that result in the lineage being in rate category i at time 228 (t−∆t), given the initial state, F i (t) (see Equation 5 ). We have the same four scenarios as in Figure 2 and 229 Equation 1, so we omit a repetition of the details here. The main difference is the direction of time (i.e., we 230 move forwards in time) and that the surviving lineage at time (t−∆t) must evolve into the lineage observed 231 at the present, which occurs with probability D i (t − ∆t). We compute F i (t − ∆t) by writing the set of k
No extinction, and;
(
or (iv) no speciation, no extinction, shift to rate i.
As previously, we derive the ordinary differential equation from its corresponding difference Equation 5
234 by using some algebra and omitting terms of order (∆t) 2 :
We compute these probabilities by solving this ODE in a forwards traversal of the tree. Specifically, at a 236 given branch at time t where we just mapped the state i, we solve F i (t) until time (t − ∆δ). Note that ∆t 237 is much smaller than ∆δ (∆t ≪ ∆δ) because we take the limit of ∆t → 0 in the numerical integration but 238 draw character maps only after a time step of ∆δ. Then, at time t − ∆δ, we draw one of the k diversification-239 rate categories proportional to their corresponding probabilities, F i (t − ∆δ). The sampled rate category 240 becomes F i (t − ∆δ) = 1 for the next iteration of the recursive forwards algorithm. If the rate category 241 sampled at time (t−∆δ) is the same as the initial rate category (at time t), we paint the interval ∆δ of the 242 branch by the corresponding diversification-rate category. Conversely, if the rate category sampled at time 243 (t−∆δ) differs from the initial rate category (at time t), we paint a diversification-rate shift between these 244 two rate categories within the interval ∆δ. The recursive algorithm continues moving forward in time and 245 terminates upon reaching the tips of the tree. Upon reaching the present, we will have mapped a complete 246 diversification-rate history that specifies the number and location of diversification-rate shifts and the rate 247 category for each branch of the tree.
248
An Alternative Approach Using Data Augmentation
249
Next, we develop a second numerical algorithm for estimating branch-specific diversification rates. Specif- of diversification-rate shifts and the rate category for every branch of the tree). We treat these diversification 254 histories as observations (i.e., they augment our data). We compute the likelihood of each 'observed' diver-255 sification history using a modified version of our backwards algorithm. We then use reversible-jump MCMC
256
(RJ-MCMC) to sample diversification histories in proportion to their posterior probability (see Appendix
257
A).
258
Consider a tree that has been augmented with a history that specifies the diversification-rate category 259 for every branch of the tree. As previously, we compute the probability of the observations (the phylogeny 260 and the 'observed' diversification history) using a backwards algorithm that moves over the tree from the 261 tips to the root in tiny time steps, ∆t. For each interval, we compute the probability of the data by solving 262 a pair of ODEs that account for all of the scenarios that could occur over each step into the past. We begin 263 at the tips of the tree, where t = 0 (the present), where we initialize the two probability terms, D(t) and 264 E i (t). Observe that we use only a single probability term D(t) because a lineage that is in state i always The observed phylogeny has been augmented with a diversification history (describing the number and location of rate shifts and the discrete rate category for every branch segment of the tree), which we treat as an observation. To compute the probability of the observed tree and the 'observed' history under the lineage-specific birth-death-shift process, we traverse the tree from the tips to the root in small time steps, ∆t. For each step into the past, from time t to time (t+∆t), we compute the probability of the observations by enumerating all of the possible scenarios that could occur over the interval ∆t. (A) When no diversification-rate shift is 'observed' in the interval ∆t, there are three scenarios: (i) nothing happens, or (ii) a speciation event occurs, where the right descendant survives and the left descendant goes extinct before the present, or (iii) a speciation event occurs, where the left descendant survives but the right goes extinct before the present. (B) Alternatively, a diversification-rate shift from category i to j is 'observed' within the interval ∆t. Color key: segments of extant lineages are colored according to the 'observed' diversification history (blue segments are in rate category i, orange segments are in rate category j); segments of the tree between t and an extinction event are colored gray because we average the extinction probabilities over the k discrete diversification-rate categories.
Next, we calculate the probability of the observed lineage and the 'observed' diversification history over the present, or (iii) a speciation event occurs and the right descendant subsequently goes extinct before the present. Accordingly, we can compute D(t+∆t) as a difference equation:
In all cases, the lineage survives, no rate shift, and way as before (see Equations 2 and 4 and Figure 3 ).
282
As previously, we derive the ordinary differential equation from its corresponding difference Equation 7:
As previously, we compute the probability of the observations by solving these ODEs (i.e., by integrating 284 the change in probability over each time step, ∆t, from the present to time t). 285 We continue traversing the current branch toward the root of the tree (moving in small time steps, ∆t, 286 further into the past, and solving the coupled ODEs for each interval) until we either reach the end of the 287 branch (at a speciation event, in which case the probabilities are propagated as described previously), or 288 we encounter a diversification-rate shift. When we encounter an 'observed' diversification-rate shift from 289 category i to category j (where i ∕ = j), we initialize D ′ (t) as:
which is the current probability of the observed lineage multiplied by the probability density of 'observing' 291 a diversification-rate shift to one of the other (k − 1) rate categories at time t ( Figure 4B ). The algorithm 292 terminates when we reach the root of the tree. Since we are only considering one term D(t) for the ob- Recall that there is no analytical solution for computing the likelihood under the lineage-specific birth-death-310 shift process, which motivates the development of our two numerical algorithms. However, the likelihood 311 can be computed analytically for the special case when η = 0 (i.e., when the process simplifies to a constant-312 rate birth-death process). Thus, we compare the analytical likelihood to that approximated using the two Figure 5 : Comparing the analytical likelihoods to those approximated using the numerical algorithms when η = 0. We can analytically compute the likelihood under the special case where the rate of diversification-rate shifts is zero. We plot the analytical likelihood over a range of values for the relative-extinction rate, = µ ÷ λ (shaded line), and compare these values to those estimated using the numerical-integration method (× symbols) and the data-augmentation method (+ symbols). The analytical and estimated likelihoods are identical, confirming the correctness of the derivation and implementation of the independent methods. and extinction. In this case, the number of diversification-rate shifts over the branches of the tree is Poisson 331 distributed with rate η × T L where T L is the tree length (i.e., the sum of all of branch lengths in the tree). The plot depicts the analytical distribution of the number of diversification-rate shifts over a set of values for the shift-rate, η, that specify a corresponding range of values for the expected number of diversification-rate shifts E(S) = {1, 10, 20}. We estimated the number of diversification-rate shifts using both the numerical-integration method (× symbols) and the dataaugmentation method (+ symbols) for the same range of shift-rate priors when the diversification rate was specified to be the same for all of the k diversification-rate categories. The analytical and estimated distributions are identical, confirming the correctness of the derivation and implementation of the independent methods.
We first plot the analytical distribution for the number of diversification-rate shifts over a set of values for Figure 7 : Comparison between branch-specific speciation rate estimates using data-augmentation and stochastic character mapping. We estimated branch-specific speciation and extinction rates using our data-augmentation and stochastic character mapping methods with k = {4, 6, 8, 10, 20} rate categories respectively. For each branch, we calculated the average speciation and extinction rates, i.e., if there was a rate-shift event, then we computed the weighted average of the rates weighted by the time spent in a rate category. This plot shows the mean posterior estimates for both methods. As we expect, both method provide the same rate estimates. Figure 7 shows the estimated posterior mean of the branch-specific mean speciation rates. The estimates 352 of the two alternative methods are nicely correlated. This correlation demonstrates that our derivation of the 353 theory and implementation are (mostly likely) correct. It would have been very unlikely that we introduced 354 the same mistake in the two independent methods giving the exact same bias. Note that this validation is 355 stronger than comparing two independent implementations of the same method because we show that two 356 different methods using different derivations of the likelihood yield the same results if applied to the same 357 model.
Computational Efficiency of Data-Augmentation and Stochastic Character Mapping

359
The theory and derivation predicts that the data-augmentation and stochastic character mapping methods 360 yield identical estimates of branch-specific diversification rates. We have established in Figure 7 We computed branch-specific diversification rates using our two implementations for the primates phylogeny for different number of rate categories (left) and different number of expected shift events (middle). Additionally, we used several different phylogenies to asses the impact of tree size (right). We plot here the effective sample size (ESS) of the numerical integration method normalized by the ESS of the data-augmentation method. Thus, we show the performance gain in MCMC efficiency of the numerical integration method compared to the data-augmentation method.
Since both approaches give identical estimates, we are interested in which method is computationally 364 more efficient. We performed a set of MCMC analyses under identical model settings for both methods over 365 a range of datasets (providing a range of tree sizes). We assessed the impact of (a) number of diversification-366 rate categories k, (b) the expected number of diversification-rate shifts E(S), and (c) the tree size.
367
The stochastic character mapping method outperforms the data-augmentation method with respect to 368 higher effective sample size per CPU second (Figure 8 ). The main advantage of the stochastic character 369 mapping method is that it does not need additional parameters such as the number, location/timing and 370 magnitude of the diversification-rate shifts. Instead, the rate-shift events are directly sampled from the con-371 ditional posterior distribution, which is extremely efficient. It is therefore not surprising that the stochastic 372 character mapping method is computationally superior. Indeed, we had considerable problems to obtain 373 convergence using the data-augmentation method. Thus, we recommend biologists who are interested in 374 estimating branch-specific diversification rates to use the stochastic character mapping method only and we 375 will do so for the following sections.
376
Validation using Simulation
Our implementation of the lineage-specific birth-death-shift process in RevBayes allows for performing pa-378 rameter inference and simulating under the process. Here we describe a small simulation study focused on 379 confirming that our implementation is correct, and we leave exploring the model's full range of statistical We simulated 1000 trees under the lineage-specific birth-death-shift process using 4 rate categories con-385 ditional on having 200 surviving tips. We rather arbitrarily chose 200 surviving tips because these simulated 386 datasets were not too small for reliable inference and yet still small enough to run reasonably fast. Trees were 387 simulated in forward time until 201 lineages were alive. The trees were then trimmed back in time randomly 388 within the interval between where there were 200 and 201 lineages. We then estimated the branch-specific 389 diversification rates for each simulated tree using the numerical-integration method (more details about the 390 simulation and inference settings are given in the Supplementary Material) . Figure 9 shows that coverage probabilities are equal to their 396 corresponding credible intervals. Thus, we obtained more evidence that our software implementation is 397 correct. Figure 10 : An example replicate from the simulation study. Left: A tree simulated using RevBayes under the lineagespecific birth-death-shift process with the branches colored to show the true mean branch-specific net diversification rates.
Center: Estimates of the branch-specific net diversification rates made by RevBayes. Diversification rate shifts in large clades are accurately estimated, however diversification rate shifts in lineages leading to small clades were not detected due to the small number of branches resulting in a lack of power. Right: The precision of net diversification rate estimates measured as the relative error in the branch-specific rate estimates. The relative error is low throughout the tree except for places in which rate shifts occurred in small clades. Figure 10 illustrates one example of the simulation replicates used. This example demonstrates that the 399 overall precision of estimated net-diversification rates is high. The method particularly has power to detect 400 the location of diversification rate shifts when they lead to large clades. The method has little power to 401 detect those diversification rate shifts that lead to small clades. (Figure 11, left panels) . Encouragingly, as the number of rate categories increases, the branch-specific rate 426 estimates converge toward the same values (Figure 11 , right panels). These results suggest that an adequate 427 approximation of the continuous distribution can be achieved with few diversification rate categories. In our 428 case, 6 diversification rate categories seem to be a sufficient approximation but we choose 10 rate categories 429 to be slightly conservative. As a general rule, using a k = 10 runs reasonably efficient while large values of 430 k (e.g., 100 or more) become computationally infeasable. Figure 11 : Comparison of branch-specific rate estimates for different numbers of diversification-rate categories.
We estimated the posterior mean branch-specific speciation rate for each branch of the primate tree where the number of rate categories was set to k = {2, 4, 6, 8, 10, 20}. We then compared the mean estimates of the rates between adjacent pairs of the number of diversification-rate categories. For small numbers of diversification-rate categories, the branch-rate estimates are quite different between adjacent settings. However, as the number of categories increases, the branch-specific diversification-rate estimates converge toward stable estimates.
number of rate-shift events.
Number of Diversification-Rate Shifts
446
Posterior estimates of the number of diversification-rate shifts are quite sensitive to the choice of shift-rate 447 prior ( Figure 12 ). However, it remains unclear whether other parameters (e.g., branch-specific speciation 448 rates) may also be similarly sensitive to the choice of shift-rate prior. To understand the robustness of 449 branch-specific speciation-rate estimates to the prior on η, we compared the posterior means of branch-450 specific average speciation-rate parameters estimated under different prior values of E(S).
451
In contrast to the estimated number of diversification-rate shifts, the branch-specific diversification rate 452 estimates are less sensitive to the prior on η (Figure 13 ). For example, in all cases we infer increased speciation 453 rates in a subclade of the Old World Monkeys (Figure 14) . We therefore recommend that biologists focus on 454 the branch-specific diversification rate estimates as the the parameter of interest because we can estimate 455 them more robustly. Figure 12 : Comparison between the prior number of diversification-rate shifts and the posterior number of diversification-rate shifts for different shift-rate priors. We estimated the posterior number of diversification-rate shifts (shaded bars) in the primate phylogeny under three different shift-rate priors, with the prior on η specified so that the prior expected number of shifts under a Poisson process, E(S), was 1, 10, or 20 (solid lines). The posterior number of diversificationrate shifts is very sensitive to these prior settings although not exactly matching the prior distributions. Figure 13 : Comparison of branch-specific speciation-rate estimates between different priors on the expected number of diversification-rate shifts. We estimated the posterior mean speciation rate for each branch of the primate tree under different shift-rate priors, with the prior on η specified so that the prior expected number of rate-shift events under a Poisson process, E(S), was 1, 10, 20, 50 or 100. Despite the estimated number of diversification-rate shifts being prior sensitive (Figure 7) , the branch-specific speciation-rate estimates are relatively robust to the prior on the expected number of diversification-rate shifts. We performed lineage-specific birth-death-shift analyses to estimate the posterior mean speciation rate for each branch of the primate tree under three different shift-rate priors, specified such that the expected number of diversification-rate shifts, E(S), was 1, 10, or 20. Branch colors reflect the branch-specific speciation-rate estimates; the scale bar is the same for all prior settings.
compared with similar implementations (e.g., BAMM only allows an exponential prior distribution with a fixed 503 mean parameter for the speciation and extinction rate). As a demonstration, we analyzed the primates phylogeny using a hierarchical model for the lognormal 505 base distribution of the diversification rates. We assumed a uniform prior distribution between 0 and 100 for 506 the mean of the lognormal base distribution and an exponential prior distribution with a mean of 0.587405 507 (we expect that 95% of the lognormal base distribution spans one order of magnitude; Höhna et al. 2017).
508
Our example analysis shows that the hyperprior parameters of the base distribution can indeed be estimated 509 ( Figure 15 ). That is, the phylogeny appears to have sufficient information about the mean and variation 510 branch-specific speciation rates. The hyperparameter estimates are not driven by their choices of prior 511 distributions. Furthermore, the hierarchical approach reduces the prior sensitivity. Thus, we recommend to 512 use such a hierarchical model for empirical analyses because it is difficult, if not impossible, to know which 513 mean and standard deviation to assume for the base distribution of the diversification rates.
514
Prior Sensitivity and Estimating the Number of Rate Shifts-Our analyses have shown that the estimated 515 number of diversification-rate shifts is very sensitive to the assumed prior distribution on the shift-rate 516 ( Figure 12 ). This prior sensitivity is actually expected because many small diversification-rate changes can Figure 12 shows that there is a (weak) signal for at least one diversification-rate shift but fewer than 20.
520
In practice, a biologist might have a good idea what number of diversification-rate shifts to expect for a 521 given study group. However, we caution researchers to over-interpret the estimated number of diversification-522 rate shifts. We emphasize that in every empirical analysis either a set of prior assumptions should be applied 523 (e.g., by setting the number of a priori expected diversification-rate shifts to 1, 10 and 20), or a hyperprior 524 distribution on the shift-rate η should be used. In our primate example analysis we observe that there is 525 some signal for the shift-rate η (Figure 15; right In the present study we have focused on estimating branch-specific diversification rates. Nevertheless, our
